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Control of sensitivity in metal
oxide electrolyte gated field-effect
transistor-based glucose sensor by
electronegativity modulation
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In this study, the sensitivity of electrolyte-gated field-effect transistor-based glucose sensors using
oxide semiconductor materials was controlled via electronegativity modulation. By controlling

the enzymatic reaction between glucose and glucose oxidase, which is affected by the surface
potential, the sensitivity of the glucose sensor can be effectively adjusted. To evaluate the sensitivity
characteristics of the glucose sensor according to electronegativity control, devices were fabricated
based on InO through Ga and Zn doping. The results confirmed that the specific sensitivity range could
be adjusted by increasing the electronegativity. In addition, density functional theory calculations,
confirmed that the attachment energy of the surface-functionalized material and the enzyme binding
energy in the surface-functionalized thin film can be modulated depending on the electronegativity
difference. The dissociation constant was controlled in both directions by doping with metal cations
with larger(Ga, 1.81) or smaller(Zn, 1.65) electronegativities in InO(In, 1.78). We expect that this study
will provide a simple method for the gradual and bidirectional control of the glucose sensitivity region.
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Diabetes is a rapidly growing public health problem due to the exponential increase in obesity worldwide!=.
Glucose plays a key role in human metabolic processes, and abnormal glucose levels in the blood or body fluids
are directly related to diabetes. Therefore, it is important for diabetics to constantly monitor their blood sugar
levels (2-20 mM range)*®. This monitoring involves performing a puncture test to extract blood, which can be
painful®. The pain generated by this invasive method causes the patients to avoid self-control’. Therefore, much
attention has been devoted to the noninvasive monitoring of continuous glucose levels. To replace this invasive
method, which uses blood glucose, high sensitivity at low glucose concentrations is required, as the glucose
concentration in body fluids such as tears (0.05-5 mM), saliva (0.008-1.77 mM), sweat (0.01-1.11 mM), and
urine (0-0.8 mM) is much lower than in blood®!!. In addition, for long-term healthcare monitoring, selectivity,
low cost, and high sensitivity tests should be considered!*!3.

Metal-oxide semiconductor field-effect transistors have recently received much attention as biosensors owing
to their diverse merits, such as easy fabrication methods with solution processes or sputtering systems, good
stability and chemical resistance, and easy surface functionalization. Therefore, metal-oxide semiconductor
thin films are superior sensor materials for biochemical detection'®!>. In particular, electrolyte-gated field-
effect transistor (EGFETs)-based sensors using metal-oxide semiconductors such as InO'¢, ZnO!"1%, Ta,O.-
ZnO', and InGaZnO-FETs!?%2! have been intensively studied because of their advantages of stability in
aqueous environments, operation at low driving voltages, and ability to convert and amplify biological signals
into electronics?2. In addition, research on glucose sensors using surface functionalization and/or enzymatic
immobilization of metal-oxide thin films is actively being conducted. The advantages of non-enzymatic sensors
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include lower device fabrication costs and excellent stability. However, they suffer from low selectivity and
interference from various compounds?»?*%. In contrast, when using enzymes, it is possible to operate at low
voltages (< 0.6 V) and achieve high selectivity and specificity?®. Glucose oxidase (GO,) not only exhibits high
selectivity for glucose targets but also withstands a wide range of pH and temperature conditions compared to
other enzymes, making it the most common enzyme and a key component in numerous glucose biosensors?.
According to several reports, enzymatic attachment to substances can be achieved using simple, convenient,
and cost-effective methods®*?”. Surface termination and enzyme immobilization according to surface
functionalization vary depending on the oxide material and composition, and the surface mechanism changes
accordingly. Previous studies!'®! on glucose sensors using enzyme immobilization on the surface of oxide
materials have confirmed the difference in glucose sensitivity characteristics depending on the selected oxide
material, as well as the biosensor applicability of various oxide materials. Therefore, it is necessary to study the
effect of the surface mechanism on surface termination and enzyme immobilization, as well as the correlation
between its glucose sensor properties.

Therefore, we focused on the change in the surface state according to the electronegativity of the surface
mechanism and investigated how the surface immobilization phenomenon according to the electronic structure
of the metal oxide thin film affects the characteristics of the glucose sensor. To confirm the change in the surface
mechanism depending on the surface conditions of the metal-oxide thin film, thin films and devices were
fabricated by modulating the composition of the metal-oxide thin films by doping InO with Zn and Ga. Using
these devices, the mechanism of the characteristic change of the glucose sensor was discovered, and experiments
and theoretical calculations using density functional theory (DFT) confirmed that this mechanism is related to
electronegativity.

Results

Surface characterization and morphology of the fabricated glucose sensors

Figure 1a shows the process flow of surface functionalization and enzyme immobilization on metal-oxide thin
films using a solution process. Before the solution process, UV lamps (185 nm and 254 nm) were used on the
thin film’s surface for hydroxylation. For silanization, the samples were immersed in 4 wt% (3-aminopropyl)
triethoxysilane (APTES) diluted with toluene. The samples were immediately rinsed with toluene to remove
weakly bonded APTES molecules before the next step. After then 1.5 wt% glutaraldehyde (GD,) was diluted
with 1x PBS to cross-link the amine functional group between the surface of the silanized metal oxide thin
films and the glucose oxidase (GO,) molecules. Finally, the GO_ solution was added dropwise to the metal-
oxide thin films over 24 h. A more detailed procedure is provided in the Experimental Section. To confirm the
surface states before and after the surface functionalization, the morphologies of the InGaO, InO, and InZnO
thin films were measured using scanning Atomic Force Microscopy (AFM) at a scan rate of 0.35 Hz. The three-
dimensional (3D) topology images are shown in Fig. 1b. Each image measures 0.5 pm X 0.5 um. After surface
functionalization, the surface roughness R  of the samples increased from 0.311, 0.322, and 0.326 to 1.70, 1.287,
and 1.121 nm, respectively.

The structural properties of the InGaO, InO, and InZnO thin films were determined using high-angle
annular dark field (HAADF) scanning transmission electron microscopy (STEM) images with energy dispersive
spectroscopy (EDS) compositional mapping, and X-ray photoelectron spectroscopy (XPS) can be found in Fig.
S1 and Table S1. The respective thicknesses of the InGaO, InO, and InZnO thin films were approximately 10.08,
13.77, and 9.84 nm, respectively, which are similar to the intended thickness (10 nm). In addition, STEM-EDS
confirmed that approximately 10 nm of Si was present on the surfaces of the InGaO, InO, and InZnO thin films.
For analysis, Pt was thinly deposited onto the thin-film surfaces. However, during this process, Pt penetrated the
organic layer, affecting the appearance of the enzyme attached to the surface in the HAADF image and making it
appear thinner. To confirm the presence or absence of elements and changes in the chemical binding states of the
metal-oxide thin film surfaces as a result of surface functionalization and enzyme immobilization, as well as the
amount of doped Zn and Ga, we used XPS analysis to measure the C, N, O, Si, In, Zn, and Ga spectra. Figure 1c
shows the C 1s, N 1s, and O 1s XPS spectra of the InGaO, InO, and InZnO thin films before and after surface
functionalization. The lowest binding energy O, peak was located at 529.5 eV and can be attributed to the O*~ in
the metal oxides, that is, In-O, Zn-O, and Ga-O. The O; peak (531 eV) is related to the O~ in metal oxides. The
highest binding energy Oy, peak (532.5 eV) corresponds to the Si-O bonding states and/or electrolyte oxidation
(APTES in Si, O, and O in metal oxides)?%?”2%, Si and O were detected on all thin-film surfaces after surface
functionalization, indicating that APTES adhered well to the thin-film surface, as shown in Fig. S2 and Table S2.
In addition, C and N were detected in all thin films, indicating that they were well formed up to the last step of
surface functionalization (Fig. 1d). Generally, all elemental spectra were calibrated using the standard binding
energy of carbon, which is equal to 284.5 eV. The C 1s spectra were normalized and curve-fitted with five different
Gaussian peaks to obtain the detailed chemical carbon bonding states, which were found to have low binding
energies for C-C (284.5 eV), C-N and C=N (285.6 ¢V), C-O (286.5 eV), and C=0 (287.7 V), and high COO
binding energies (288.5 eV)?. The C 1s peak was assigned to the C-N and C=N bonds (285.6 V), confirming
the combination of GDx with GOx on each surface of the metal oxide thin film. When Ga and Zn were mixed
into the InO material, the relative chemical bonding states of the C-N peaks increased. The N 1s spectra were
normalized and curve-fitted using three different Gaussian peaks of the detailed chemical bonding states of
nitrogen, which included peaks corresponding to low binding energy (C=N; 398.6 +0.1 eV), medium energy
(C-Nand (Si-),N-O; 399.6 eV), and high energy (C-N*; 400.7 + 0.1 eV)7***!, Detailed information on the fitting
results is provided in Table S2. The ratios of neutral amine nitrogen (C-N and (Si-),N-O) to positively charged
protonated amine nitrogen (C-N*) decreased to 1:0.18, 1:0.16, and 1:0.15 as the electronegativity decreased. A
high percentage of C-N* means that the enzyme is better able to bind to the functionalizing substance”>!. This
appeared to follow an electronegativity trend.
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Fig. 1. (a) Scheme of surface functionalization (b) Topologies of the InGaO, InO, and InZnO thin films before
and after surface functionalization. (c) C 1s, N 1s, and O 1s XPS spectra of InGaO, InO, and InZnO thin films
before and after surface functionalization. (d) XPS spectra showing the deconvolution of C 1s and N 1s of the
surface-functionalized InGaO, InO, and InZnO thin films.
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Electrochemical characterization of fabricated glucose sensors

Figure 2a shows diagrams and photographs of the fabricated metal-oxide EGFET-based glucose sensor devices.
The devices were operated in 1X PBS, and a commercially available leak-free Ag/AgCl reference electrode placed
over the sensing area was used as the floating gate. A PDMS wall was used on top of the exposed metal oxide
channel to define the sensing area and contain the electrolyte.

The electrical characteristics of the device measured in the 1x PBS solution differed from those measured in
air, as shown in Fig. 2b and c. In particular, the Ion/off ratio obtained in the air state had a value of approximately
107 to 10® at a drain voltage of 5 V and gate voltage in the range of -30-30 V. The transfer curves of each device
indicate that we obtained high field effect mobilities (pFET) of 16.81, 17.89, and 9.15 cm?/ Vs, respectively, in air.
The threshold voltage (Vth) was calculated to be -2.15, -8.18, and —1.08 V, respectively. On the other hand, the
value obtained under 1x PBS solution was lower, ranging from 10* to 10° at a drain voltage of 0.1 V and gate
voltage in the range of -0.5-0.5 V. This is related to the ionic strength of the 1x PBS solution and the low applied
voltage. A comprehensive study was conducted by Kim et al.1 to investigate and analyze the effects of solvents
on metal-oxide TFTs. The results of the study indicate that the solvent predominantly affects other donor-like
defects, such as hydrogen donors and metal interstitials, or the change in deep traps originating from metal
vacancies rather than oxygen vacancies as shallow donors. However, this is not a low (or poor) value for driving
the device, and the sensitivity characteristics can be evaluated according to the molarity of glucose. Furthermore,
as shown in Table 1, the device operation characteristics in the air and solution states fabricated by the sputtering
system are superior, even when compared to the characteristics presented in previous papers. The transfer curves
of each device indicate that they have high on/off ratios (> 10%) and we obtained high field effect mobilities (Mpgp)
of 8.7, 15.1, and 8.5 cm?/Vs, respectively, in 1X PBS. The subthreshold gate swing (SS) and threshold voltage
(V,,,) were calculated to be 40, 30, and 30 mV/dec. and 0.01, 0.06, and 0.03 V, respectively. The reproducibility of
each device characteristic was excellent, and the results are shown in Fig. S3 and Table S3. The SS is an important
parameter for these devices because it provides a gating effect deficiency and biosensor sensitivity!*?%32, The
biosensor sensitivity is extremely high in the SS region owing to greater current changes, which is known as the
gating effect owing to proton variation®?. Therefore, to achieve optimal sensing performance, the devices were
controlled by an Ag/AgCl reference electrode to tune their operating point to the SS regime. The mechanism
of enzyme-based biosensors involves recognizing a biochemical reaction by attaching a recognition element to
the device. Glucose detection is a representative application of enzyme-based sensors and byproducts in which
the oxidation or reduction of the targets affects the electrical properties of the sensors. The structure used in
this study is easy to fabricate, and the channel layer, which is exposed to the outside environment, can react
more sensitively with biomolecules. An illustration of the glucose detection mechanism is presented in S4. Real-
time measurements were performed according to changes in glucose concentration to determine the effect of
differences in surface functionalization and enzyme imm obilization on the glucose detection characteristics,
depending on the metal-oxide material used in the device. The enzymatic reactions between glucose and GOx
are as follows®3%:

D — glucose + Oy + H,O — D — gluconicacid + H,Oy + H'
GO,
2H++()2+2€7 — H509 (1

GO, catalyzes the conversion of glucose to gluconic acid and hydrogen peroxide (H,O,), which in turn react
to form proton ions and electrons®. As the glucose concentration reacts with the GO, the concentration of
protons in the electrolyte increases. An increase in the proton concentration can control the charge in the
channel layer of a metal-oxide EGFET-based glucose sensor device and amplify the current. The solution at
each glucose concentration (~0.25uL) was injected into the PDMS wall (~100pL) using a micropipette. The
glucose concentration was varied from 0 to 4 mM, corresponding to the tear (0.1-0.4 mM), urine (0-0.8 mM),
sweat (0.01-1.11 mM), and saliva (8 uM-1.77 mM) glucose levels of diabetic patients. To quantify the sensor’s
response to glucose, the real-time measurement results according to the glucose concentration, as shown in S5,
were converted into the sensor’s response voltage change and the calibrated response voltage according to the
glucose concentration (Fig. 3a and b).

The AV, plot according to glucose concentration is consistent with the Hill-Langmuir equation®® for
equilibrium ligand-receptor binding:

‘/on, = A ‘/on, mar T om T A ‘/on,prisfirw (2)

1+ Kﬁ)"

(f(i[] n
(
where c is the glucose concentration, K, is the dissociation constant of gluconic acid-glucose interaction, n
is the Hill coefficient describing the cooperativity of the binding, AV, is the V_shift when gluconic acid
molecules are bound to glucose’, and AV, pristine 1S the V_in 1X PBS. As the electronegativity value decreased,
the dissociation constants for the InGaO, InO, and InZnO EGFET-based glucose sensor devices increased to
0.15, 0.62, and 2.49 mM, respectively, and the glucose concentration corresponding to the highest calibrated

response voltage value also increased.
By evaluating the transfer curve characteristics according to the glucose concentration, the calibrated
response voltage was obtained using the following formula:

Calibrated response Voltage = DI/(Dlgs/DVgs),
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Fig. 2. (a) Diagram of the fabricated metal-oxide EGFETs-based glucose sensor device. The inset image shows
a top view of the attached PDMS wall and the sensing method. (b) Characteristics of the transfer curves (I,¢-
Vo Ag/AgCL) of InGaO (blue circle), InO (black circle), and InZnO (red circle) EGFETs-based devices in 1x
PBS solution. (c) Characteristics of the transfer curves (Ips-V) of InGaO (blue circle), InO (black circle), and
InZnO (red circle) devices in air.
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Fig. 3. (a) Response voltage and (b) calibrated response voltage according to glucose concentration of the
InGaO, InO, and InZnO EGFET-based devices in 1x PBS.

DI = IDS. according to glucose concentration — Il]. w/o glucose, only PBS solution

To assess its stability, the InO-based glucose sensor was subjected to additional testing using glucose titration at
different intervals, as shown in S6. Although the response decreased slightly after the initial period, the relative
sensitivity of the glucose sensor remained at a minimum of 94% during the first 10 d, similar to a previously
published paper?. These results demonstrate that the glucose sensor can maintain a stable state over an extended
period.

Table 1 shows the properties of the InGaO, InO, and InZnO EGFET-based glucose sensor devices compared
with those of previously reported metal-oxide EGFET-based devices. The minimum detection range of the three
samples was lower than that of the others, even for 1x PBS, which is a high-ionic-strength electrolyte®. The
glucose concentration in different body secretions varies, offering choices for detecting glucose concentrations
using specific secretions. The sensing characteristics of the InGaO (0.15 mM), InO (0.62 mM), and InZnO (2.49
mM) EGFET-based glucose sensors are comparable to those of other sensors that can detect glucose at very low
concentrations in tears, urine, and sweat. Considering the constant dissociation characteristics of InGaO, InO,
and InZnO, InGaO has the potential for use in sensors measuring the glucose concentration in tears, whose
glucose concentration is relatively lower than that of other bodily secretions. InO appears to have the potential
for use in sensors using urine or sweat, and InZnO may be applied to sensors using saliva or ISE Therefore,
materials that can react more sensitively to the concentration of glucose (specific region) in a specific detection
substance can be selected. However, if devices with different compositions are used in parallel (such as devices
using the materials introduced in this paper, that is, InO, InGaO, and InZnO), the linearity of the components
can be achieved in a much broader range of areas. To confirm the effect of the electronegativity change caused
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by doping InO with Ga or Zn, we predicted the formation energies of surface functionalization and enzyme
immobilization.

Theoretical calculations of the density functional theory by surface of glucose sensor

The reaction energy diagrams for functionalization and enzyme immobilization are shown in Fig. 4. Owing
to the large size of GOx (Aspergillus niger), we consider H-NH, as GOx-NH,. In the first functionalization
process, In(Ga/Zn)O was surface-hydroxylated by UV, and the surface was partially terminated with OH. These
OH groups reacted with the C,H. group from APTES, and APTES was attached to the In(Ga/Zn)O surface.
Through cross-linking, the APTES-GDx chains were synthesized and terminated via C=0 bonding. In the
functionalization process, Ga doping (increasing electronegativity) decreased the sensitive formation energy at
each step, whereas Zn doping (decreasing electronegativity) increased the formation energy at each step. Similar
to the functionalization process, the formation energy of enzyme immobilization can be controlled by doping
with Ga or Zn. At the end of the GDx, which is terminated by a C=0 bond, GOx is immobilized to form a
C=N-GOx (C=N-H by DFT calculations) bond. With Ga doping, the formation energy of immobilization
becomes more negative than that of InO, whereas with Zn doping, the energy of immobilization becomes more
positive than that of InO. Therefore, the amount of functionalized surface or immobilized enzyme should be in
the order InZnO < InO < InGaO, which corresponds to the surface roughness and the number of N-N +bonds
in XPS. As a control amount of GOx by Zn or Ga doping, the frequency of the reaction of d-glucose to glucose
acid, as well as the concentration of glucose to which the oxide sensor responds (that is, becomes more sensitive
or insensitive by Ga or Zn doping), can be modulated.

Discussion

In this study, we induced changes in the surface termination of metal-oxide thin films by controlling their
electronegativity using a sputtering deposition system. XPS analysis confirmed that the surface functionalization
states of the modified thin films were different. The adhesion energy of the surface-functionalized material and
the enzyme immobilization binding energy of the surface-functionalized thin film were calculated by DFT, and
their glucose detection characteristics were evaluated. A difference in the amount of surface functionalization
can change the material’s binding energy with glucose, resulting in a difference in the amount of charge
it holds, thus indicating that the chemical potential energy of the attached glucose can be controlled. As the
electronegativity increased, the percentage of positively charged protonated amine nitrogen (C-N*) increased,
indicating that the binding of the enzyme to the functionalizing substance improved. In addition, a reduction
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Fig. 4. Reaction energy diagram at 0 eV (Ref.; InO) for the immobilization of the glucose oxidase (GO,)
enzyme in three different samples.
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in the formation energy for surface functionalization and enzyme immobilization resulted in a decrease in the
dissociation constant. The sensitivity region of the glucose sensor could be adjusted by electronegativity control,
and InGaO, InO, and InZnO exhibited differences in the most sensitive response regions at 0.15, 0.62, and 2.49
mM, respectively.

Therefore, materials that can react more sensitively to the concentration of glucose (specific region) present
in a specific detection substance may be selected. In addition, the performance of glucose monitoring devices
using these materials is comparable to that of devices fabricated using not only the sputtering system but also
the spin coating, solution, and printing systems. To achieve practical applications and scalability of oxide-
semiconductor-based biosensors, precise process control is crucial, and this can be implemented using a vacuum
system. This study represents a milestone in the design of biomaterials. Furthermore, if devices with different
compositions are used in parallel (such as those using materials introduced in this paper, that is, InO, InGaO,
and InZnO), the linearity of the components can be achieved in a much broader range of areas.

Materials and methods

Device fabrication

The thermally grown 100-nm-thick silicon dioxide (SiO,) layer on a heavily doped p-type silicon (p**-Si)
substrate was cleaned with acetone, ethanol, and DI water in a sonicator. After cleaning the substrate, the first
shadow metal mask was attached to define the active channel layer. Then, a 10-nm-thick InO layer was deposited
using a DC sputtering system with a 3-inch In,0, (99.995%, 4N5) target at a power of 30 W without substrate
temperature. After deposition, interdigitated Ti 30 nm (bottom) and Au 200 nm (top) electrodes were deposited
using a thermal evaporation system. The source and drain areas were defined using a second shadow metal mask
during electrode deposition. The fabricated channel width (W) and length (L) of the device were 10,200/200 um,
respectively. Finally, the InO EGFETs were annealed in a quartz tube furnace at 250 ‘C in air for 1 h to modify
the stoichiometry of the films.

The fabrication methods for the InZnO and InGaO EGFETs were almost the same as those for the InO
EGFETs, except for the co-sputtering method used in the deposition process of the active channel layer. Two
10-nm-thick InZnO EGFETs were fabricated, one using the co-sputtering of a 3-inch ZnO target (99.999%,
5N, RF) at a power of 20 W and another using the co-sputtering of a 3-inch In203 target (99.995%, 4N5, DC)
at a power of 30 W. Two 10-nm-thick InGaO EGFETs were fabricated, one using the co-sputtering of a 3-inch
Ga,0, target (99.99%, 4 N, RF) at a power of 20 W and another using the co-sputtering of a 3-inch In,O, target
at a power of 30 W without substrate temperature. The conditions used for the fabrication of all thin films were
the same. The reactive gas flow rate ratio was Ar: 0,=19:0.5 (0,=2.6%), and the working pressure of the main
chamber was 5 mTorr.

Preparation of surface functionalization

InO-, InZnO-, and InGaO-FETs were UV-treated in air for 10 min before surface functionalization. The samples
were modified stepwise for glucose detection. First, (3-aminopropyl)triethoxysilane (APTES, Sigma-Aldrich)
was self-assembled on the surface of each device using 4 wt% APTES in toluene (Sigma-Aldrich) for 20 min.
The samples were then directly rinsed with toluene. Next, the silanized samples were immersed in a 1.5 wt%
glutaraldehyde linker (GDx, Sigma-Aldrich) in phosphate-buffered saline (1x PBS with pH 7.4, Sigma-Aldrich)
solution for 5 min. The samples were immediately rinsed with 1x PBS. Next, 3 mg of glucose oxidase (GOx)
from Aspergillus niger (Sigma-Aldrich) was immobilized on the APTES-GDx-treated surfaces in 6 ml of 1x PBS
solution for 24 h. The samples were rinsed with 1x PBS. Finally, to protect the Au electrode from the electrolyte
environment containing 1-dodecaneethiol (DDSH), the sample was treated with 1 wt% 1-DDSH in ethanol
(99.99%, 4 N) for 1 h. All steps for surface functionalization were carried out at room temperature. The samples
were then rinsed with ethanol. D-glucose (Sigma-Aldrich) was dissolved in 1x PBS at different concentrations.

Glucose detection

The electrical characteristics and glucose-sensing performance of all the metal-oxide-semiconductor EGFET-
based glucose sensors were evaluated at room temperature using a Keithley SCS-4200 semiconductor parameter
analyzer and an Ag/AgCl leak-free reference electrode (LF-1, DONGWOO Science Co., Ltd.) in an electrolyte
gate environment. For the evaluation of transistor’s performance, the transconductance (g, ) of the metal oxide

EGTFTs were calculated from an I =Vyg/agcs CUrve using the following equation:

g = dIp/dVrg/aec1 = W/L (CprmreVp)

where W is the channel width, L is the channel length, and C,; is the electrical double layer capacitance per unit
area in 0.1 M ionic strength aqueous solution reported previously (25.52 pF cm~2)!°. A comprehensive study
was conducted Park et al.*? to investigate electrical double layer capacitance per unit area of metal oxide EGTFTs
under various aqueous dielectric conditions. A polydimethylsiloxane (PDMS) solution was attached to the top of
the device to determine the contact area of the analyte solution during the detection test according to the glucose
concentration. The transfer curve characteristics (I;s-V ;) were measured at a fixed drain-to-source voltage
(Vpe) of 0.1 V. A low V, was used to minimize electrochemical reactions that could occur when the source and
drain electrodes come into contact with the analyte solution'?. The sensitivity characteristics of metal-oxide-
semiconductor EGFET-based glucose sensors according to glucose concentration were evaluated in real time
in the following order. 1st 1x PBS (0.25uL) into the PDMS > measurement > removal of 1x PBS (0.25pL) from
PDMS. 2nd Glucose mole concentration (0.25uL) into the PDMS - glucose detection - removal of glucose
mole concentration (0.25uL) from PDMS - 1x PBS (0.25uL) into the PDMS to rinse for a few seconds. From the
second step, it was performed repeatedly according to the change in glucose molar concentration.
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Characterizations of thin films

Atomic Force Microscopy (AFM, Park Systems, NX10) was performed in an N,-purging glove box to minimize
surface contamination and confirm the thin film’s topography. The chemical bonding states were determined by
X-ray photoelectron spectroscopy (XPS) using a monochromatic Al Ka source with a pass energy of 29.35 eV.
The XPS spectra were measured after eliminating the surface contamination caused by the adsorption of OH,
C, H20, etc., using Ar+ions at 500 eV. Transmission electron microscopy (TEM) images were obtained using
a Talos F200X (FEI) equipped with an EDS (Bruker). The thickness of InGaO, InO, and InZnO thin films was
determined using high-angle annular dark field (HAADF)-scanning transmission electron microscopy (STEM)
images.

Calculations of the density functional theory

DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) with PBEsol
functionality*'~**. First, the bulk unit cell of cubic In,0, was geometrically optimized with 3x3x3 K points
and a cutoff energy of 500 eV until the condition of 0.02 eV/A was met. Using the optimized bulk structure,
we generated a (111) surface model with the lowest surface energy*. To minimize slab-to-slab interactions, a
50-A slab of vacuum was inserted between the In,O, layers. The various molecules related to functionalization
and immobilization processes were attached to the In,0, (111) surfaces, and the geometry was optimized using
3% 3x 1K points and a cutoff energy of 500 eV until the 0.1 eV/A condition was met. For the optimized structure,
the total energies with 33X 1 K points and a cutoff energy of 500 eV were predicted to calculate the formation
energy of the reaction. To evaluate the effect of Ga/Zn doping, we randomly replaced 10% of In in the Ga or Zn
system, optimized the geometry, and calculated the total energies under the same conditions as for In,O,.

Data availability

The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request. Correspondence and requests for materials should be addressed to K.-B. Chung, K.-S. Jeong, or Y.
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